Using extended X-ray absorption fine structure (EXAFS) and attenuated total reflectance Fourier-transform infrared (ATR-FTIR) measurements, we examined the sorption of Pb(II) to hematite in the presence of malonic acid. Pb L III -edge EXAFS measurements performed in the presence of malonate indicate the presence of both Fe and C neighbors, suggesting that a major fraction of surface-bound malonate is bonded to adsorbed Pb(II). In the absence of Pb(II), ATR-FTIR measurements of sorbed malonate suggest the formation of more than one malonate surface complex. The dissimilarity of the IR spectrum of malonate sorbed on hematite to those for aqueous malonate suggest at least one of the sorbed malonate species is directly coordinated to surface Fe atoms in an inner-sphere mode. In the presence of Pb, little change is seen in the IR spectrum for sorbed malonate, indicating that geometry of malonate as it coordinates to sorbed Pb(II) adions is similar to the geometry of malonate as it coordinates to Fe in the hematite surface. Fits of the raw EX-AFS spectra collected from pH 4 to pH 8 result in average Pb-C distances of 2.98 to 3.14Å, suggesting the presence of both four-and six-membered Pb-malonate rings. The IR results are consistent with this interpretation. Thus, our results suggest that malonate binds to sorbed Pb(II) adions, forming ternary metal-bridging surface complexes. C 2001 Academic Press
INTRODUCTION
Low molecular weight organic acids (e.g., acetic acid, oxalic acid, and malonic acid) are ubiquitous in ground and surface waters (1) . In contaminated systems these acids can occur at concentrations approaching 5000 mg/L (2). However, typical concentrations resulting from biogenic processes are in the ng/L to µg/L range (3, 4) . Even though extensive work has examined organic acid sorption (e.g., Filius et al. (5) ), organic acid metal complexation (e.g., Prapaipong et al. (4) ), and systems with metal ions, organic acids, and mineral surfaces (e.g., Ali and Dzombak (6) ), the magnitude of the impact of these acids on metal transport has yet to be clearly defined.
An accurate estimate of metal transport is contingent upon the development of thermodynamic models for metal speciation in the environment, models that hinge on a molecular-level understanding of the structure of surface complexes (7) . While macroscopic results can be used to infer reaction mechanisms and molecular structures, direct evidence is only found through the application of spectroscopic and microscopic techniques. To date, relatively few studies have applied spectroscopic techniques to study metal sorption to mineral surfaces in the presence of organic acids (8) (9) (10) (11) .
In this paper, we combine extended X-ray absorption fine structure (EXAFS) and Fourier-transform infrared (FTIR) spectroscopic techniques to study the sorption of Pb(II) to hematite in the presence of malonic acid from the perspective of both the ligand and the metal. EXAFS was used to provide quantitative information on the coordination and structure of the metal, Pb(II), to hematite in the presence of malonic acid, including the number and distance of neighboring atoms. Attenuated total reflectance (ATR-FTIR) was used to study changes in the structure, protonation, and coordination of aqueous malonate, sorbed malonate, and malonate sorbed in the presence of Pb(II).
MATERIALS AND METHODS
Several batches of hematite were synthesized and combined to form a stock solution after Miller et al. (12) . The colloidal hematite was rinsed repeatedly in 0.001 M HClO 4 , followed by ultracentrifugation to separate the solids. Results of powder X-ray diffraction and diffuse reflectance FTIR indicated the presence of α-Fe 2 O 3 with no detectable impurities. The BET surface area was 83 m 2 /g.
Aliquots of the stock hematite were pre-equilibrated at a pH of ∼3 in an inert atmosphere of humidified Ar or N 2 for a minimum of 1 h. The pH was adjusted to the desired value using HNO 3 or freshly prepared CO 2 -free NaOH, and the samples were capped and agitated for 12-24 h. After pre-equilibration, NaClO 4 , malonic acid (CH 2 (COOH) 2 ), and/or Pb(II) (as Pb(ClO 4 ) 2 · 3H 2 O) were added to achieve the desired final concentrations. The sample pH was adjusted and the volume was brought to 20 mL (FTIR) or 1 L (EXAFS) at an ionic strength of 0.1. Bottles were wrapped with aluminum foil and the samples were equilibrated for 48 h. After equilibration, a final pH was recorded and the solids were separated by centrifugation. For EXAFS samples, an aliquot of the supernatant was analyzed for Pb by graphite furnace atomic absorption. In all samples, Pb(II) and malonic acid concentrations were at least 2 orders of magnitude below that which would induce the precipitation of Pb(II) malonate solids.
Pb L III -edge XAS data were collected at room temperature in fluorescent mode using either a xenon-filled Lytle-type fluorescence detector or a Canberra 13-element Ge detector at the Stanford Synchrotron Radiation Laboratory (SSRL), beamlines 4-1 or 4-3 between December 1998 and December 1999 using Si(220) or Si(111) monochromator crystals. Ta slits were used to define a 2-mm vertical beam and As 6µx filter and Al foils were used to filter elastically scattered and Fe Kα fluorescent X rays. Samples were prepared by loading the wet paste into PTFE sample holders with PET windows. In some instances samples were analyzed multiple times. Spectral averaging and analyses were performed using the EXAFSPAK software (13) as given by Bargar et al. (14) . The Debye-Wallertype disorder function (σ 2 ) was set at 0.01 A 2 for O and Fe (14) . To reflect differences in structure rigidity, σ 2 for C was fixed at either 0.008 or 0.013 A 2
for samples that consisted of predominately four-membered (based on bidentate Pb(II)acetate complexes, this work) or five-to six-membered ring structures (8), respectively. The scale factor (S 2 0 ) was set at 0.8425, the electron binding energy (E 0 ) was fixed to the best-fit value for the first shell, and the coordination number (CN) and radial distance (R) result from the nonlinear least-squares best-fit.
FTIR spectra were collected on wet paste samples with a Nicolet Magna-IR 750 spectrometer using an abrasion-and corrosion-resistant diamond ATR cell (DurasamplIR, ASI SensIR Technologies). Each sample spectrum was ratioed against background and empty cell spectra collected on the same day. For sorption samples, the paste was uniformly applied to the optical surface of the cell and a small volume of the supernatant was applied over the top of the paste to inhibit drying. Subtracting the supernatant spectrum from the wet paste spectrum isolated sorbed malonic acid bands because bands from hematite vibrations are negligible at the wavenumbers studied. In a similar manner, subtracting the appropriate electrolyte reference spectrum from the malonate solution spectrum isolated the aqueous malonate bands. Spectral analyses including background subtraction and fitting were performed using the software package Grams (Galactic Software). Figure 1 presents Pb L III -edge EXAFS of Pb(II) adsorbed on hematite at pH 6.04 and Pb(II) on hematite in the presence of malonic acid at pH 3.98, 5.00, 6.02, and 7.96. Results for the background-subtracted spline-fit k 3 -weighted spectra, their respective Fourier transforms, and fits to the spectra are shown. All spectra are dominated by sinusoidal oscillations due to backscattering from approximately three oxygen atoms at a distance of 2.28 A (see Table 1 ). The frequency component corresponding to these oscillations is identified in the Fourier transform as a large peak at 1.8 A (uncorrected for phase shift). When sorbed, Pb(II) often has a highly distorted trigonal or square pyramidal coordination environment (14) . Typically, fewer than three of these first-shell oxygen atoms are observed at room temperature because of considerable static and thermal disorder effects (15) . Backscattering from second-neighbor atoms is present in all spectra as evidenced by the peak at 2.8 A in the Fourier transforms. In the absence of malonic acid, the second-shell peak can be fit using Fe atoms at distances of 3.30 and 3.79 A (Table 1 ). This result is consistent with previous studies of Pb(II) sorption at similar system conditions (16, 17) and is indicative of bidentate edge-sharing and corner-sharing bridging-bidentate arrangements, respectively, between the Pb adions and FeO 6 octahedra on the hematite surface. Because of the highly distorted nature of the Pb(II) coordination environment, multiple-scattering paths involving the oxygen shell or hematite surface are unlikely to contribute significant amplitude to the EXAFS (14, 15) .
RESULTS AND DISCUSSION
In the presence of malonic acid the spectra in 
These effects indicate a change in the Pb local coordination environment as pH decreases and increasing quantities of malonate are sorbed. To account for these changes, fits to these spectra required the addition of approximately one to two carbon neighbors at distances of 2.98-3.11 A (Table 1) . In general, the fits to the O and Fe shells in the Pb(II)+malonate sorption samples are little changed from those with Pb(II) alone.
Two main types of Pb-malonate coordinations are relevant to the EXAFSderived Pb-C distances: (1) a bidentate complex between Pb(II) and both oxygens from one of the two carboxylic acid functional groups on malonate, forming a four-membered ring (Fig. 2a) and (2) a chelate involving a single oxygen from each carboxylate group on malonate, forming a six-membered ring (Fig. 2b) ) and three to five oxygen neighbors. Six-membered rings are expected to have Pb-C distances of 3.08 to 3.34 A , based on a search of analogous structures in the CSD. The sorption sample Pb-C distances (2.98 to 3.14 A ) are too short to be solely attributed to the six-membered ring coordination and too long for solely four-membered ring complexes, suggesting the presence of both structures. The presence of two shells in the data at slightly different distances can account for the observed trends in R for Pb-C. For example, at pH 3.98, the average Pb-C distance is 2.98 A , suggesting an approximately even distribution of two complexes assuming distances of ca. 2.85 and 3.15 A
. With an increase in pH, the average Pb-C distance increases, consistent with an increasing proportion of six-membered complexes, which have a longer Pb-C distance.
FEFF 6 (19) calculations were performed to estimate contributions from multiple scattering (MS) in putative four-and six-membered ring ternary complexes. The intensity of MS along linear paths associated with four-membered rings was predicted to be significant if a linear Pb-C-C arrangement was maintained. In this case, the apparent shell would occur at R > 3.3 A in the Fourier transform, corresponding to a Pb-C distance of approximately 4.3 A . Linear MS contributions probably account for the large amplitude of the 3.5 A peak in the Fourier transform for the Pb(II)-malonate (ppt) (Fig. 1) a Distance between oxygen shells is slightly smaller than the standard threshold given by k/2π . Nevertheless, two shells were required to describe two Pb-O shells present in Fourier transform (Fig. 1) .
b Spectrum not shown. CN for Pb-C was fixed at 1.4 based on the calculated speciation of 52% Pb(II) monoacetate, 44% Pb(II) diacetate, and 4% Pb 2+ using constants from Martell et al. (21) .
FIG. 2.
Schematic illustration of the proposed ternary Pb(II) malonate surface complexes. In this diagram the distance for Pb-Fe is characteristic of a bidentate edge-sharing complex. (a) Malonate binds the Pb adion with two oxygens from one carboxyl group, forming a four-membered ring. (b) Malonate binds the Pb adion with one oxygen from each carboxyl group, forming a six-membered ring.
are evident in Table 1 . Along nonlinear paths associated with six-membered rings (e.g., triangular MS involving first-shell oxygen atoms), MS contributions were calculated to be negligible.
Clearly, there is no evidence of a linear MS peak in the sorption sample Fourier transforms, indicating that well-defined linear paths are, on average, negligible. This is consistent with our interpretation of the sorption sample data having two predominant complexes, one characterized by four-membered rings having a bent Pb-C-C geometry and the second having six-membered rings. Furthermore, the lack of significant changes in Pb-Fe or Pb-O CN and R for Pb+ malonate sorption samples suggests that Pb(II) was simultaneously bound to malonate and as an inner-sphere complex to hematite.
ATR-FTIR results for malonic acid sorbed on hematite at pH 5 (in the absence and presence of 0.1 mM total Pb) and for aqueous malonic acid/bimalonate/ malonate at pH 2.9, 5.0, and 6.34 are presented in Fig. 3 . For the aqueous malonic acid/bimalonate sample at pH 3.0, the predominant bands are due to carbonyl absorption, ν C= =O at 1720 cm −1 , and asymmetric (ν as ) and symmetric (ν sym ) stretching of the aqueous carboxylate at 1580 and 1370 cm −1 , respectively (20) . With an increase in pH, malonic acid deprotonates (pK a,1 = 2.7 and pK a,2 = 5.3 at I = 0.1 (21) ) and the spectrum is dominated by ν as and ν sym at 1560 and 1355 cm pH 3 the peaks at 1220 and 1280 cm −1 originate from modes associated with protonated carboxyl groups (ν C-OH ) (20) .
For the malonate-only sorption spectrum at pH 5.16, we assign the bands at 1585 and 1355 cm −1 as ν as and ν sym , respectively. Although it coincides with bands associated with CH 2 vibrations, based on its large relative intensity it is more probable that the band at 1430 cm −1 also results from symmetric stretching of carboxyl groups. The considerable differences between the solution and sorption sample spectra for malonate indicate that major changes have occurred in its structure as it sorbs. This result suggests direct coordination of the ligand to surface Fe atoms, consistent with the formation of inner-sphere surface complexes (e.g., (22) ). Furthermore, the presence of two ν sym bands suggests the existence of more than one surface malonate species (23) .
In the presence of Pb(II), the spectrum for sorbed malonate at pH 4.9 in Fig. 3 exhibits very little change. At the conditions studied, the estimated surface concentrations of malonate and Pb are both 0.6-0.7 µmol/m 2 (24) . In spite of the large error on the C CNs (up to ±50% due to overlap with Fe shells), the presence of these neighbors in the EXAFS spectra suggests that the dominant fraction of surface-bound malonate is bonded to adsorbed Pb(II). As long as the symmetry of the molecule is unaffected, the substitution of different metal ions only results in slight shifts in the position of IR bands (25) . Hence, characteristic group frequencies of a particular molecular structure (e.g., ν as and ν sym vibrations for carboxylates) are often used in a diagnostic manner (26) . The lack of changes observed in the IR spectrum upon the addition of Pb(II) suggests the structure of the malonate surface complexes in the absence/presence of Pb(II) is similar. These results are generally consistent with the EXAFS-derived conclusion in that they indicate direct bonding of malonate to Pb and/or hematite. We conclude that simple carboxylic acids, such as malonate, can complex sorbed metal adions on mineral surfaces, forming ternary metal-bridging surface complexes.
It has been demonstrated that, in complex heterogeneous systems, ternary surface complexes must be invoked to simulate metal sorption (27) (28) (29) when other uptake mechanisms have been ruled out (e.g., precipitates, which are clearly not evident in the sorption samples). In most instances, the structures and reaction stoichiometries of these complexes are unknown (6, (27) (28) (29) . With ≡Fe(OH) n denoting a structurally undifferentiated surface site, a general reaction for the formation of either four-or six-membered ternary lead(II)-malonic acid-hematite surface complexes can be proposed, with each structure requiring a unique reaction:
Upon consideration of the Pb-Fe and Pb-O R values and the trends in their CNs (Table 1) , in particular the number of oxygen positions occupied by the hematite surface, we can conclude that in Eq.
[1] coefficient a is 2. The lack of evidence for Pb neighbors in the EXAFS spectra suggests that coefficient b is unity. For coefficient d, the distance values for Pb-C from Table 1 also suggest values of 1 to 2. Further work is required to determine a value for the proton coefficient c.
